O estudo de correlação entre estrutura-retenção (QSRR) foi usado para relacionar a retenção cromatográfica de diferentes cumarinas substituídas as suas características estruturais.
Quantitative structure-retention relationships (QSRR) were used in this study to relate the chromatographic retention of different substituted coumarins to molecular structure. Different structural parameters were selected, such as topological, geometric, electronic, quantum-chemical and physico-chemical descriptors, in order to find an equation that fitted the chromatographic retention of these compounds.
The method proposed by Dimov that classifies the descriptors in different groups in agreement with their values of correlation coefficients was analysed.
Significant correlation equations were obtained with the following molecular descriptors: the total surface area (AT), the electrotopological state index (S(-o-)) of the oxygen in position 1 of coumarin, and the highest occupied molecular orbital energy (EHOMO), showing that the experimental retention, using stationary phases with low polarity, was related with the shape and electronic factors of the solutes.
The models found have a good predictive ability as established by cross-validation r
Introduction
The quantitative structure-retention relationships (QSRR) 1 , establishes the relationship between a chemical structure and its chromatographic retention value. The chromatographic retention is due to the integral effect of molecular interactions between the analyte and both mobile and stationary phase molecules. To define the structural descriptors best related to the characteristic of a particular Article solute to undergo both polar and dispersive interactions is an important step to understanding the process of chromatographic separation.
Using the QSRR approach, structural descriptors such as topological, geometric and electronic or physico-chemical descriptors can be proposed for molecules with similar structural features, and a subset of them can be selected in order to describe and predict the gas chromatographic retention indices 2 . Numerous authors have attempted to correlate and predict retention indices of a variety of compounds by use of molecular structural information or physico-chemical and quantum-chemical parameters [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In this study, our aim was to select the best descriptors related to the chromatographic retention of different substituted coumarins (some of them are interesting natural products) using the QSRR, to broaden the approach of Dimov et al. 3, 4 which takes into account only hydrocarbons (alkylbenzenes, alkylnaphthalenes, isoalkanes and alkenes).
Dimov et al. 3, 4 suggested that the descriptors should be divided in groups according to correlation coefficient values for the simple linear regression. After this, the descriptors of different groups would be related through multiple regression to obtain the best equations. These equations would be formed by two groups of descriptors: basic and tuning. The basic descriptors are those that permit the calculation of the retention index values closest to the experimental values. The tuning descriptors are those that further tune the calculated value to experimental ones.
Experimental

Samples and standards
The different coumarins studied were obtained by extraction in the Instituto di Chimica Recettori Molecole Biologicamente Attive del C.N.R., Università Cattolica S. Cuore. The 6-methylcoumarin, 7-methylcoumarin, 4-hydroxycoumarin, coumarin and 3,4-dihydrocoumarin were obtained commercially from the Aldrich Chemical Company Inc. The analytical standards of hydrocarbons (n-alcanes, nC 12 to nC 22 ) were supplied by Aldrich Chemical Company Inc.
Method of chromatographic analysis
The gas chromatographic retention data for 20 substituted coumarins chromatographed on two stationary phases with low polarities are indicated in Table 1 . The sample solutions were prepared with acetone, and to some of them 21 . The measurements were always taken before each determination of the retention time.
The Kovàts retention indices were determined through the adjusted retention times (t R -t M ), according to the equation of Kovàts 22 , using n-alcanes as standards.
Method of calculation of molecular descriptors
The structural descriptors used in the present study were topological and quantum-chemical indices and physicochemical properties.
Several extensive reviews have been published which give detailed descriptions of the theory and method of calculation of all topological indices used in the present investigation [23] [24] [25] [26] [27] [28] . The Wiener indices (W) 23 25 , indices of electrotopological state (Si) 26, 27 and topological state indices (T i ) 28 , were calculated by the method of Kier and Hall, utilizing the Molconn-X computer program for molecular topological analysis 29 .
The topological state index T i , of an atom, gives information on the topological environment of the atom according to the presence of the other atoms in the molecule. The values of T i = T (=O) , are related to the oxygen of the carbonyl in the basic structure of coumarins. T (-O-) indices are related to the oxygen of position 1 in the coumarin. They distinguish also all the compounds studied (see Table 2 ).
The electrotopological state index (S i ) gives information about the electronic and topological state of an atom according to the presence of other atoms in the molecule. It was considered that S (-O-) , related to the oxygen of position 1 in the coumarin molecule, distinguished all the compounds studied ( Table 2) .
The molecules were drawn using the PcModel version 3.01 computer program, and the figures were exported to be geometrically energy-minimised using the PM3 quantum mechanical method. Subsequently, the energy-optimised molecular structure was used for generating a number of molecule parameters utilising the semi-empirical molecular orbital Mopac program 30 .
The following quantum mechanical molecular properties were chosen for the study: the highest occupied molecular orbital energy (E HOMO ), and the lowest unoccupied molecular orbital energy (E LUMO ). Other derived properties obtained were: the total surface area (A T ), saturated area (A S ), unsaturated area (A UNS ), polar area (A P ), molecular volume (V MOLEC ), molar volume (V MOLAR ), total energy (E T ), molar refractivity (RM). In addition, the following physical properties of the coumarins were also selected: molecular mass (M M ) and boiling point (T b ). Some of the values are given in Table 2 .
The best regression equations were selected on the basis of the multiple correlation coefficient (r), r-squared, standard deviation (SD), the overall F value and the F-remove for individual descriptors (F-to-remove: 4.00) in the stepwise selection. Finally, in order to estimate the predictive power of the model, cross-validation, following the leaveone-out scheme was performed 32, 33 . The reliability of the model was tested in a cross-validation with determination of r 2 cv 32 . All the calculations of single and multiple linear regression analyses were carried out using the Statgraf and Origin computer programs.
Results and Discussion
The basic structure of mono-substituted coumarins with the corresponding substituents studied are given below:
The values of the chromatographic retention indices (RI) of different coumarins studied, using the stationary phases LM-1 (RI LM-1 ) and CBP5 (RI CBP5 ) at different isothermal temperatures of columns 170-210 °C, are given in Table 1 . Some molecular descriptors values are given in Table  2 .
According to the r values, the molecular descriptors were classified in agreement with the method proposed by Dimov et al. 3, 4 , into four groups depending on their individual significance for the retention studied. These groups are identified as follows: substantial, important, likely and specific.
In the present study, none of the available descriptors were enclosed in the group of the substantial and important ones, that is no r was obtained above 0.80. This classification is also shown in Table 3 .
In the multiple linear regression, the contributors to the retention in agreement with the method proposed by Dimov et al. 3, 4 were divided into two groups, basic and tuning:
where RIcalc represents the calculated retention. The Bi parameters include those solute descriptors which allow the calculation of the RIcalc value closest to the experimental retention (RI exp ). The parameters Tj are solute descriptors, which tune the RIcalc value to that of RI exp . Owing to the restriction of statistically-permitted intercorrelations, there is normally only one basic descriptor to be used. The problem is choice which basic descriptor forms the best combination with tuning contributor(s). Different combinations of the variables representing each of two terms described above were tried to obtain the equation of best fit, which would relate the RI values of the reference compounds to their molecular structure. Multiple linear equations with two variables produced correlation coefficients with low values (the best was r = 0,8498 with A T and S (-o-) in LM-1).
The series of compounds studied can be described by an equation comprising three types of terms: the size of the The best simple regressions were obtained with descriptors related to the shape, size, area, volume and molecular refractivity of the substance studied. In the multiple linear regression the electronic descriptors were introduced.
(S(-O-), T(-O-)) and for the oxygen of carbonyl in the lactone group (S(=O), T(=O)). Total surface area (AT), Polar area (AP), Molecular volume (VMolec), Total energy (ET), Energy of the highest occupied molecular orbital (EHOMO)
The total area was the first parameters introduced into the multiple linear equations as it was found to be the most significant (see the values of F, Eqs. 2-3). The positive sign of the coefficient in the Eqs. 2-3 indicates that retention indices increase with the total area values as is observed in Table 2 . The second parameter introduced in the equations (the second most significant according to the values for F, Eqs. 2 and 3) was the electrotopological index (Si) related to the oxygen atom in the position 1 of the coumarins. The nature of the substituents in the molecule influences this index. Substituents with electron-donating effect contribute to increase the value of the index and those with electron-withdrawing effect decrease it. The negative sign of the coefficient in Eqs. 2 and 3 indicates that retention indices increase as the electrotopologic indices (S -o-) in the molecule decrease. In agreement with the experimental retention indices, it can be observed that in a general way, compounds with more electronegative substituents have larger retention values.
The third parameter introduced in the multiple regression equations according to its significance (see the values of F in the Eqs. 2 and 3) was the energy of the highest occupied molecular orbital of the solute, E HOMO . The intro- duction of this parameter, that is less significant, resulted in an increase of the multiple correlation coefficients (r). E HOMO is related to the energy necessary to remove an electron from a molecule. The sign of the coefficient in the Eqs. 2-3 is positive, thus the negative values of E HOMO that correspond to more electron-donating molecules, contribute to decrease the chromatographic retention. This is, in accordance with the value of S (-o-) , thus E HOMO should correct the values of S (-o-) , considering that E HOMO is a molecule global value and not localised in an atom as S (-o-) .
The validation of the model was checked through the values of r 2 cv (coefficient of validation of the capacity of prediction of the model) which was better for the Eqs. 2 and 3, where the total area was the most significant parameter.
The calculated retention indices with the Eqs. 2 and 3, residuals and standard residuals are given in Table 4 .
The correlation between experimental retention indices (LM-1 and CBP5) and those calculated by Eqs. 2 and 3 is shown in Fig. 1 .
It is observed in Fig. 1 that two points corresponding to compounds 2 and 15 (Table 4 ) exhibit a significantly large s. When the correlation is made without these outliers the correlation coefficient is improved, r = 0.9647 for the I LM-1 and r = 0.9642 for I CBP5 .
The interactions between the molecules of the solute and those of the two stationary phases used in this work are similar. These are observed by the simple linear correlations obtained between the experimental retention indices (or calculated) of the two stationary phases, whose correlation coefficient is excellent. 
Conclusions
This study demonstrates that the methodology used previously by Dimov to model GC retention characteristics of the hydrocarbons (alkylbenzenes, alkylnaphthalenes, isoalkanes and alkenes) can also be applied to model the retention indices of substituted coumarins, although the correlations were not as good as the first ones.
The descriptors that are able to describe the phenomena that took place in the process of the retention of the studied compounds are related with the shape and the electronic characteristics of the molecules.
The models found have good predictive ability as established by cross-validation r 2 cv values and thus can be used to help in the elucidation of molecular structures or prediction of chromatographic retention indices of similar compounds. and calculated retention indices (Eqs. 2 and 3) for the coumarins used in this study.
